A new flexible microwave tag system using a frequency-scanning type RFID is proposed with multiple resonators based on defected ground structures (DGSs). The proposed system achieves fully passive tag systems using multiple resonators with a spiral-shaped DGS over a wide frequency range. The resonator implemented on the rear side of a transmission line has the advantages of excellent band notch characteristics as well as bit-error avoidance from the frequency selective reflection. In addition, the tag system is designed on a thin flexible substrate in order to be applicable for amorphous surfaces. The proposed microwave tags have been implemented with wideband antennas at 3-7 GHz on thick and thin flexible substrates. The flexibility of the thin substrate has been evaluated in terms of cognitive capability for various radiuses of curvatures. From the experimental results in an anechoic chamber, the excellent recognition of various multibits identification codes in a wireless transmission environment has been verified.
Introduction
Since the sensor network was issued with various short-range wireless connectivity technologies, interest has been shown in diverse applications for the recognition of identifications (IDs) that can replace bar code systems. Conventional ID systems have developed from a contact type RFID at 13.56 MHz to a contactless type at a UHF band to increase code capacity. Because the recent RFID is used in various ways in collaboration with mobile communication networks, it needs to be of low cost, low power, and large data capacity. The near field communication (NFC) and the chipless RFID become the promising technology candidates for next generation ID systems [1] [2] [3] .
As the chipless RFID technology has pursued the fully passive tag without semiconductor chips, the ID code should be represented by another feature such as a signal response [4, 5] , phase/delay difference [6, 7] , or spectral signature [6, [8] [9] [10] , that is, realized through electromagnetic resonances. However, the conventional chipless RFID has been implemented on a hard plate to maintain the shape of the electromagnetic resonator. Moreover, the resonant circuits shown on the same surface as the receiving and transmitting antennas make a direct reflection of an interrogating signal, which affects the spectral characteristics of the decoded signals. The flexible fabrication of the microwave resonators on the flexible PCBs [11] and textiles [12] has been issued for patch antennas as part of the system components. However, because the tag system should be fully integrated with all circuit components, it is required to be designed on a flexible media which is able to attach to amorphous shaped items.
In this paper, a fully integrated tag system is designed for all passive components on a planar flexible thin substrate. The system can be fabricated using a one-step printing technology to achieve an inexpensive tag price, while the bendable circuit on the flexible substrate can make it feasible for more various applications of the identifications. Moreover, the architecture of the tag is considered for isolated resonance and high resolution. The multiple resonator circuit with a defected ground structure (DGS) is designed with a spiral shape for band notch characteristics of a high Q-factor [13, 14] . In addition, thanks to the etched ground structures on the back sides of PCBs, the architecture can avoid direct reflection phenomena. Therefore, the microwave interrogating system can reduce the effect of interferences and achieve a long cognitive distance compared with conventional RFIDs. This paper is organized as follows. Section 2 introduces the design of the flexible microwave tag systems on thick and thin substrates. The system implementation is described in Section 3. Section 4 shows the experimental results of the system performance evaluations. Finally, the commercial feasibility of the proposed system is mentioned in Section 5.
Design of a Flexible Tag with Multiple DGSs
In frequency scanning type chipless tag systems, an interrogator exposes frequency-swept microwave signals with constant amplitude and linear phase onto the tag surfaces. The received frequency components experience the series multiple resonant characteristics of the amplitude depth and phase nonlinearity at the assigned resonant frequencies. These variations can be recognized from a retransmitted wideband signal at a reader system. In order to detect the resonant bits clearly, the reader needs to receive the only resonant characteristics from the tag. As the multiresonatorbased chipless tag has several resonators located on the same surface with a receiving antenna [6, 8, 9] , the wideband RF is reflected by the resonant circuits that operate as a frequency selective surface (FSS), producing a noisy interferer that prevents fine decoding at a reader. Therefore, these types of tag systems should be designed with consideration of electromagnetic reflections.
In this section, multiple resonator circuits with DGSs and planar wideband antennas are designed for the microwave tag systems. Figure 1(a) presents the layout of the proposed multiple resonator circuit. The resonator is designed with a DGS on the rear side of a substrate, while a transmission line is solely implemented on the front side on which the wideband antenna is mounted. The separation distances between each resonator are assigned for the isolation and resolution, which are determined as = 12 mm and 15 mm for thick and thin substrates, respectively. The DGSs are designed as a spiral shape for the band notch characteristic with excellent Q-factor and can be directly mounted on the rear side of a microstrip line. The notch represents a digital bit of "ONE, " whereas the code "ZERO" is recognized by the frequency component without the notch. Therefore, the code can be designed with the presence of resonators.
The multiple resonators are designed on two types of substrates: a thick substrate for design feasibility and a thin substrate for fabrication flexibility at 3-7 GHz. Figure 1 (b) shows the spiral DGS layout. By considering the circuit size and notch performance, the DGSs are designed as dual spirals with a maximum of two windings. Each arm has a symmetric square of height and length . The line width and the gap size are adjusted to control resonant frequencies and Q-factors and are determined up to the fabrication limit to achieve a Q-factor that is as high as possible.
For the implementation on the thick substrate, five types of spiral-shaped DGSs have been designed for 5 bits with more than 10 dB resolution at each center frequency ( ) of 3 GHz, 3.45 GHz, 4.25 GHz, 5.2 GHz, and 6.2 GHz, respectively. The thick substrate employs FR4 with a thickness of 1 mm and a dielectric constant of 4.4. The design performances have been investigated using a commercial software, the high frequency structure simulator (HFSS) of the ANSYS lnc. Figure 2 presents the design results of the multiple DGS resonators with code "11111. " Each DGS operates to a well-matched performance with −30 dB to −40 dB resonant characteristics and more than 10 dB resolution.
Flexible multiple resonators are designed on a thin substrate of the RT/Duroid 5880 with a thickness of 5 miles and a dielectric constant of 2.2. Four bits' codes are realized with resonant frequencies of 2.95 GHz, 3.45 GHz, 4.2 GHz, and 5.55 GHz, respectively. Three types of codes are investigated using the same method as that used on the thick substrate. The design results are compared for various codes, as shown in Figure 3 . Each bit is evaluated to be clearly recognized International Journal of Antennas and Propagation by differentiating amplitudes. Table 1 summarizes the design parameters of the multiple resonators on thick and thin substrates. The tag antenna is designed at an ultrawideband of 2-8 GHz to cover the all resonant frequencies of total resonant bits at 3-7 GHz. It is designed as a planar monopole type to be integrated on the same substrate as the multiple resonator circuit [15] [16] [17] . Figure 4 presents the layout of the tag antenna. The planar antenna consists of a radiation patch and a feedline on a substrate with an etched ground plane. The feedline × is implemented on a microstrip line with and without a ground plane. The resonant frequency is determined by Figure 4 : Wideband monopole antenna layout. the monopole patch design × . The ground size × GND and the gap between the antenna and the ground are considered as the design parameters for a wide bandwidth. The boundary of the ground plane becomes an important matching parameter as well as a ground reflector. Table 2 presents the design results for both substrates.
As shown in Figure 5 , the design and experimental results cover the frequency band of tag systems. The wideband antenna on a thick substrate presents the bandwidth of 2.6 GHz to 8.0 GHz, while that on a thin substrate shows 2.7 GHz to 8.2 GHz. The specification of the antenna is satisfied with both the Tx. and Rx. tag antennas. 
Implementation of the Microwave Tag System
The proposed flexible microwave tag system with DGSs has been implemented on thick FR4 and thin flexible Teflon substrates. The tags with various 4-or 5-bit codes are evaluated for the recognition of the ID characteristics. The resonator circuits and UWB antennas are integrated on a single PCB. Thanks to the full passive architecture, the proposed tag system can be implemented using a one-step printing fabrication process.
The layout of the implemented tag system is presented in Figure 6 . In order to take the polarization diversity that can prevent jamming signals and cross talks, the transmitting and receiving antennas are mounted with an orthogonal orientation to each other. ) is inserted between the Tx. reader antenna and the VNA port. The HPA presents a high gain of 40 dB and a large dynamic range of 1dB = 33 dBm over 2-8 GHz. The received RF signal at the Rx. antenna passes the multiple resonator circuit and reradiates via the Tx. antenna. The transmitted signal contains bit information of frequency resonance such as amplitude variations and phase nonlinearities, which are compared at the reader system. The detected information has been decoded and analyzed using a laptop computer connected to the VNA.
Performance Evaluation of the Proposed Flexible Tag System
In this section, the performance of the proposed tag system is evaluated from two experimental phases. While one experimental phase involves cognitive capability tests that correspond to the bent rate of the flexible thin tag, the other experimental phase is the ID code recognition test on a wireless transmission environment. Each ID code has been presented by measuring the relative insertion losses. The aggregator system organized by the VNA was calibrated to enhance the bit resolution. The calibration was performed by measuring a reference tag that has the same size and substrate as those of the devise under test (DUT) tag without any resonators. Because the reference tag represents the code of "00000, " the codes of DUT can be more clearly detected by comparing the measured results between the DUT and the reference tag. The resonant ID codes have been recognized by computing the calibrated datum. In this measurement, the detection criteria are referred to the resolution of the 10 dB amplitude difference. Flexibility tests have been conducted in order to consider the practical environments for which the flexible tag is applied. Because the tag should be operated in the state of wrinkled and bent shapes, performance variation can be created in a resonant frequency and radiation, and so forth. In this measurement, the proposed flexible tags were bent on a styrofoam jig with a specified radius of curvature, r, as shown in Figure 8 . The flexible tags bent with various radiuses of curvature were measured in an anechoic chamber surrounded by electromagnetic absorbers. Table 3 presents the measured relative insertion losses at the expected resonant frequencies from most significant bit (MSB) to least significant bit (LSB). The tag under the test is designed using the code "1101. " Four conditions have been tested: an ideal flat surface and radiuses of curvature of 12 mm, 10 mm, and 8 mm, respectively. The ideal flat is considered for the reference values which present more than a 30 dB difference. As the radius of curvature decreases, the resolution becomes degraded. In the case of = 8 mm, the amplitude difference of code "1" and "0" is reduced to less than 10 dB. Therefore, the flexible tag has a bending limitation to resolve the resonant frequencies and radiation characteristics in order to mount the applications on amorphous materials. Figure 9 presents the experimental results of the proposed microwave tags using DGSs on the thick and thin flexible substrates. In Figures 9(a) and 9(b), the code detections of the microwave tags on thick substrates are presented for "10101" and "11001, " respectively. In Figures 9(c) and 9(d) , the bit representations at the reader are shown for the tag systems with codes of "1101" and "1011" on thin substrates, respectively. The experimental results have presented good agreement with the S21 values of the resonator circuit without antennas. Even though some frequency shifts at the bit position are found, these are determined to be detectable for code recognitions. In addition, each bit represented by a band notch is well recognized for wireless transmission tests. Figure 10 shows photographs of the proposed microwave tags fabricated on the thick FR4 and thin flexible Teflon substrates.
Conclusions
In this paper, the multiple resonator-based microwave tag system with DGSs has been proposed in flexible fabrication technology. The proposed architecture can avoid the direct reflection from a reader antenna and present an excellent resolution to realize the resonant bits. The resonant circuits have been implemented on the thick and thin flexible substrates. The cognitive capabilities have been experimented for various curvatures of flexible tags and wireless transmission performances. From the measured results, wireless transmission performances have presented good agreement with the ideal resonant bit characteristics. Additionally, the design limitation has been presented for a radius of curvature of flexible tags. Therefore, compared with a conventional UHF RFID system, the proposed microwave tag system can be an excellent candidate for a contactless ID tag system with low-cost and mass-productive merits. It can overcome the limitation of conventional RFIDs by fabricating a one-step process and mounting on amorphous items. 
